Background/Aims: 25-hydroxyvitamin D (25[OH]D) concentrations have been associated with cognitive decline and incident dementia in elderly populations; however, these relationships are susceptible to reverse causation. Less is known about the association of midlife 25(OH)D with long-term cognitive decline. Methods: This was a prospective cohort study of 13,044 participants (mean age 57 years at baseline) in the Atherosclerosis Risk in Communities Study. 25(OH)D was measured from serum collected at baseline (1990)(1991)(1992) using liquid chromatography tandem high-sensitivity mass spectrometry. Cognition was assessed using 3 neuropsychological tests at 3 time points, which were combined into a composite cognitive Z-score. Multivariable-adjusted linear mixed-effects models with random intercepts and slopes were used to estimate associations between 25(OH)D and 
been associated with cognitive decline, mild cognitive impairment, and dementia in prior studies, particularly in those studies performed in elderly populations [2] [3] [4] [5] [6] [7] . However, the evidence for an association of low 25(OH) D with increased risk for cognitive decline over time is inconsistent, with several other prior studies reporting no association [8] [9] [10] [11] [12] . Interestingly, the mean age at baseline in most of the studies reporting no associations was substantially lower (mean age 59-63 years followed for a mean of 3-16 years) [8] [9] [10] [11] compared to an older mean age in studies that did report associations of low 25(OH) D with increased cognitive decline (mean age 74-80 years followed for a mean of 2-5 years) [2] [3] [4] [5] [6] [7] . This discrepancy in the literature raises the question of reverse causation, whereby older individuals who are more likely to have cognitive impairment and other medical comorbidities are also less likely to have adequate sun exposure outside, which is a major source of vitamin D, and are therefore more likely to have lower concentrations of 25(OH)D [13] . The possibility of reverse causation suggests that 25(OH)D concentrations may be a marker of poor health rather than a causative factor in dementia pathogenesis. In order to avoid reverse causation, long-term prospective studies of initially healthy adults who do not have baseline cognitive impairment are needed.
The Atherosclerosis Risk in Communities Neurocognitive Study (ARIC-NCS) provides a unique opportunity to explore the association of 25(OH)D measured in midlife with cognitive change, since in ARIC, cognitive assessments were conducted at several time points over 20 years of follow-up. We hypothesized that lower concentrations of midlife 25(OH)D would not be associated with greater 20-year cognitive decline.
Methods

Study Population
The ARIC Study is an ongoing, community-based prospective cohort that originally enrolled 15,792 adults aged 45-65 years in 1987-1989 (visit 1) from 4 US communities (suburbs of Minneapolis, Minnesota; Washington County, Maryland; Forsyth County, North Carolina; and Jackson, Mississippi) [24] . Participants attended up to 4 subsequent visits, which took place in 1990-1992 (visit 2), 1993-1995 (visit 3), 1996-1998 (visit 4), and 2011-2013 (visit 5) respectively. 25(OH)D concentrations were measured at the 2nd visit (1990) (1991) (1992) , which is the baseline for the present analysis. Cognitive testing was performed at 3 visits: visit 2 (1990-1992) , visit 4 (1996-1998) , and visit 5 (2011-2013) .
Of the 14,348 participants who attended visit 2 (1990-1992), we excluded 91 non-white/non-black, or black participants from Minnesota or Maryland, 1,189 participants missing 25(OH)D concentrations, and 24 participants missing information on educational attainment, leaving 13,044 included in our analytic population (Fig. 1) .
Institutional Review Boards at all participating institutions approved the ARIC Study. All participants provided written informed consent at each study visit.
Measurement of 25-Hydroxyvitamin D Levels and Related Biomarkers
Serum samples were obtained at ARIC visit 2 (1990-1992 ) and stored at -70 ° C, until 25(OH)D2 and 25(OH)D3 concentrations were measured in 2012-2013 using liquid chromatography tan- [17] . The estimated annual 25(OH)D value was used in all subsequent analyses. 25(OH)D was divided into clinical categories for our main analyses [18] : ≥30 ng/mL (sufficient, reference), 20 to < 30 ng/mL (intermediate), and < 20 ng/mL (deficient) [1] . In sensitivity analyses, we also explored the following 25(OH)D categories: ≥20 ng/mL (reference), 10 to < 20 ng/mL, and < 10 ng/mL.
Measurement of Cognition
Cognitive function was assessed at visit 2 (1990-1992) , visit 4 (1996-1998), and visit 5 (2011-2013) using 3 standard cognitive tests: the delayed word recall test (DWRT) [19] , the digit symbol substitution test (DSST) [20] , and the word fluency test (WFT) [21] (online supplementary methods; for all online suppl. material, see www.karger.com/doi/10.1159/000490912).
Scores on the DWRT, DSST, and WFT at each visit were transformed to Z scores and standardized to visit 2 by subtracting the participant's test score at each visit from the mean score at visit 2 and dividing by the SD of the visit 2 scores. A composite global cognitive Z score at each visit was calculated by averaging the Zscores of the 3 cognitive tests (DWRT, DSST, and WFT) and was then standardized to visit 2 by using the mean and SD of the composite cognitive Z-score at visit 2. Composite global cognitive Zscores derived using these methods have been used in previous analyses of cognitive change in the ARIC study [22, 23] . This composite global cognitive Z-score was used as the primary outcome for the present study.
Covariates
All covariates were assessed at visit 2 (1990-1992) , unless otherwise stated. Covariates in our main model (Model 1) included: age, sex, race/field center (Minneapolis, MN-whites; Washington County, MD-whites; Forsyth County, NC-whites; Forsyth County, NC-blacks; Jackson, MS-blacks), education (<high school; high school or equivalent; college, graduate or professional school; assessed at visit 1), body mass index (kg/m 2 ), cigarette smoking (never, former, current), physical activity (score range 1-5, based on responses to the Baecke Physical Activity questionnaire [25] ), and apolipoprotein ϵ4 genotype (0 ϵ4 alleles; 1 ϵ4 allele; 2 ϵ4 alleles).
Model 2 included variables in Model 1 plus potential mediators of the purported association between vitamin D and cognitive function (systolic blood pressure [mm Hg], use of hypertension medications, diabetes [defined by self-reported physician diagnosis, medication use, fasting blood glucose ≥126 mg/dL, or non-fasting blood glucose ≥200 mg/dL], total cholesterol [mg/dL], HDL cholesterol [mg/dL]), use of cholesterol-lowering medications, estimated glomerular filtration rate (calculated using the chronic kidney disease epidemiology collaboration formula [26] ), and prevalent coronary heart disease (defined by standardized criteria and physician adjudication [27] ). Model 3 included variables in Models 1 and 2 plus biomarkers related to vitamin D metabolism including calcium (mg/dL), phosphorous (mg/dL), and PTH (pg/mL).
Statistical Analyses
To account for the within-person correlations of test scores arising from the repeated measures over time, linear mixed-effects models with random intercepts and slopes were used to estimate the associations between 25(OH)D and cognitive change over 20 years. Random effects were assumed to be independent and robust variance estimates were used. Time since baseline (1990-1992) was modeled using a linear spline with a knot at 6 years (average duration of time between visits 2 and 4). The primary coefficients of interest were the interactions between 25(OH)D and the time spline terms, which directly address our hypothesis of no difference in cognitive decline 25(OH)D groups. All models also included interaction terms between each of the covariates and time. In sensitivity analyses, we excluded participants scoring worse than -2 SDs on the baseline composite cognitive Z-score to address concerns about possible reverse causation and bias due to floor effects that could occur if participants with preclinical cognitive impairment at baseline were included.
All p values were based on 2-sided tests. A p < 0.05 was considered statistically significant. Analyses were performed using Stata SE version 14 (StataCorp, College Station, TX, USA).
Missing Data
Our primary analyses were performed using multiple imputations by chained equations methods [28, 29] with 25 imputations to impute missing covariate and cognitive test data to account for study attrition (see Fig. 1 for patterns of visit attendance and see online supplementary Table 1 for numbers of missing data that were imputed). Missing data were imputed using information collected at study visits, annual follow-up telephone calls, community surveillance of hospitalizations, questionnaires administered to proxies, and covariates included in the main analytic model. For participants alive at the time of ARIC visit 4 or 5 but who did not attend the visit, scores were imputed at the median visit date. For participants who were deceased prior to ARIC visit 5, scores were imputed 6 months prior to death. Online supplementary Table 2 shows baseline characteristics of participants by vital status at visit 5. We additionally assessed the impact of study attrition by comparing complete case analyses (defined in 2 ways: complete data at visit 2 and complete data at visit 2 and attended visits 2, 4, and 5) with imputation for covariates only and with imputation for covariates and cognitive test data among those alive at the time of visit 5.
Results
The mean (SD) age of our population was 56.9 (6) years; 57% of participants were women, 24% of participants were black, and the mean (SD) 25(OH)D concentration was 24.3 (9) ng/mL (Table 1) (Table 2 ). In our primary adjusted model (Model 1), compared to those Results were similar when we conducted complete case analyses, imputation for covariates only, and imputation for covariates and outcomes among those alive at the time of visit 5 (online suppl. Table 3 ).
There appeared to be potential differences in the magnitude of association by race with blacks having approximately 10 times greater decline in composite cognitive Z-score than whites comparing those with deficient (< 20 ng/mL) to those with sufficient (≥30 ng/mL) 25 Table 2 ). However, the formal test for interaction by race was not significant (pinteraction = 0.45) in our main model (Model 1) imputing for covariates and outcomes. As shown in online supplementary Table 3 , the complete case analyses for blacks showed greater cognitive decline in the deficient (< 20 ng/ mL) 25 Neither were there differences in 6-year (time between ARIC visits 2 and 4) and 14-year (time between ARIC visits 4 and 5) cognitive decline in composite cognitive Zscore between 25(OH)D categories, nor was there any difference found when using alternate 25(OH)D cut-points of 10 and 20 ng/mL (all p > 0.05; online suppl. Tables 4-6 ).
In sensitivity analyses where participants scoring worse than -2 SD on the baseline composite cognitive Zscore were excluded, results remained similar with no difference in 20-year cognitive decline in composite cognitive Z-score between 25(OH)D categories (p > 0.05) (online suppl. Table 7 ).
Discussion
In this community-based population of 13,044 white and black individuals, lower concentrations of 25(OH)D measured in midlife were not significantly associated with more rapid cognitive decline over a 20-year of follow-up compared to higher concentrations of 25(OH)D. Our results suggest that low midlife concentrations of a Model 1, demographic, behavioral/socioeconomic, and genetic variables including: age, age 2 , gender, race/center (in overall model) or center (in race-stratified models), education, body mass index, smoking status, physical activity, and apolipoprotein ϵ4 genotype, and interactions between each of these variables and time.
Model 2, model 1 + cardiovascular factors including: systolic blood pressure, use of hypertension medication, total cholesterol, HDL cholesterol, use of cholesterol medications, diabetes, coronary heart disease, estimated glomerular filtration rate, and interactions between each of these variables and time.
Model 3, model 2 + biomarker mediators in the metabolic pathway including: parathyroid hormone, calcium, phosphorus, and interactions between each of these variables and time.
DOI: 10.1159/000490912 25(OH)D in whites and blacks are not a risk factor for long-term cognitive dysfunction.
The findings of this study are consistent with our prior work in a smaller population with less follow-up time [8] and with other studies [9] [10] [11] that reported no association of low 25(OH)D concentrations with cognitive decline. There has been heterogeneity in the results of prior studies -with significant associations typically found in analyses conducted among older populations with shorter follow-up [2] [3] [4] [5] [6] [7] , and nonsignificant results were typically reported in younger populations with longer followup [8] [9] [10] [11] . However, there was one recent Swedish study of 1,182 older white men (mean age 71 years) that also found no association of 25(OH)D concentrations with cognitive decline over a long term (18-year) of follow-up [12] . Here, we provide evidence for a lack of association between 25(OH)D and cognitive decline in a much larger sample (n = 13,044) of both white and black racial groups who were followed since mid-life.
It is possible that the previously reported associations between 25(OH)D concentrations and cognitive impairment are a result of reverse causation -whereby low 25(OH)D is a marker of poor health (resulting from those in poor health [e.g., those with cognitive impairment] doing less physical activity and having less sun exposure and thereby having lower vitamin D concentrations) rather than a causative factor in cognitive impairment and dementia pathogenesis. Our study is less susceptible to reverse causation as 25(OH)D was measured in midlife and cognitive change was evaluated over 20-year. Further, in sensitivity analyses, we excluded individuals with a composite cognitive Z-score less than -2 SD at baseline to further remove effects of prevalent cognitive impairment at baseline. Additionally, a recent Mendelian randomization study found that genetically determined 25(OH)D also was not associated with cognitive function [30] , which also supports the lack of causal relationship.
Certain limitations should be considered in the interpretation of our results. First, we only had a single measurement of 25(OH)D, which has been shown to vary over time within individuals [16, 31, 32] . Second, our study had attrition due to death and loss to follow-up over the approximately 20-year of follow-up. However, we attempted to account for attrition using multiple imputation methods that were previously validated in the ARIC cohort [29] , but it is important to note that these methods may not have fully accounted for the effects of loss to follow-up of the participants in our study. Third, although our population consisted of over 3,000 black participants, our race-specific analyses may be underpowered to detect an association. Finally, although we had cognition measured at 3 time points over a median of 20 years, the neuropsychological assessments were not comprehensive assessments of all cognitive domains.
On the other hand, our study importantly has a number of strengths, including a large sample of > 13,000 black and white adults followed long-term for approximately 20 years. We also had comprehensive measurement of important confounders. Further, the measurement of 25(OH) D in midlife, approximately 20 years prior to the end of follow-up, helped to address the issue of reverse causation in the association between 25(OH)D and cognitive decline.
In conclusion, in this study of > 13,000 white and black participants, there was no association between midlife 25(OH)D concentration and cognitive decline over 20 years. The results suggest that prior studies performed in elderly populations may have been biased by reverse causation. The results also suggest that there may not be a role for vitamin D supplementation in preventing or slowing cognitive decline; however, only randomized controlled trials can come to this conclusion definitively.
